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(54) Multilayer thin film dielectric bandpass filter 

(57) A design for producing bandpass filters with 
passbands that are centered at the same wavelength 
for each mode of polarization. Filters are of the all-die- 
lectric type that consist of single and multiple cavities of 
bandpasses. All of the layers are of the Quarter Wave 
type for ease of manufacture with the possible exception 
of the last few layers being modified to reduce reflection 
into a new media. The basic structure of the multi-layer 
bandpass filter is as follows: 

(XY) n (YY)(XX) m (YY)(YX) n where n and m are integers 
and wherein X is one of a high refractive index layer and 
a low refractive index layer; and, wherein Y is the other 
of the high and low refractive index layer, X and Y being 
opposite indexes of refraction. 
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Description 

Field of the Invention 

[0001] This invention relates to multi-layer dielectric 
bandpass filters, and more particularly to multi-cavity 
multi-layer dielectric bandpass filters with layer struc- 
tures having two materials wherein the layers are com- 
prised of quarter wave multiples, however, with the 
exception, preferably, that the layers near the beginning 
and end may have non quarter-wave thickness' for 
reducing reflections caused by mismatch to the adjoin- 
ing media. 

Background of the Invention 

[0002] It is generally desirable to have bandpass filters 
that do not have degradation in transmission properties 
when they are used at an angle of incidence to the light 
path. Filters based on optical interference principles are 
highly versatile, and may be designed for use through- 
out the entire optical spectrum. 
[0003] Multi-cavity filters have been manufactured for 
more than 40 years. The usual approach of filter design- 
ers has been to simply anti-reflect the equal length cav- 
ity structures to the substrate and the medium. For this 
simple structure, use at an angle yields filters that for 
the two polarization modes exhibit different central 
wavelengths. These types of filters are described in 
detail by P. W. Baumeister, in, "Optical Coatings Tech- 
nology. " lecture notes for the five-day short course engi- 
neering 190.01 at the Continuing Education Institute, 
June 16-20.1986. Chapter 1. pg. 1-38 - 1-41. To lessen 
this problem, the need to modity the cavity properties 
was investigated thoroughly by experts in the thin film 
field. P. Baumeister," in a paper entitled Bandpass 
design-applications to non-normal incidence", in 
Applied Optics 31, 504-512 (1992) where 
a standing wave ratio technique to match reflective 
zones by applying microwave filter synthesis was used. 
These cavities were adjusted to optimize a single angle. 
T. Yanagimachi et. al., in a paper entitled "High-perform- 
ance and highly stable 0.3-nm-full-width-at-half-maxi- 
mum interference optical filters," Applied Optics 33. 
3513-3517 (1994), used a staggered thickness 
approach that is useful for single cavity filters. However, 
the wavelengths for each polarization vary as the angle 
is modified. Q. P. Konukhov and E. A. Nesmelov. in a 
paper entitled "To the theory of a dielectric narrow-band 
filter," Journal of Applied Spectroscopy, vol. 1 1 . pg. 468- 
474 ,(1969) describe using a third material for the half 
wave layers; this technique works well in theory, but in 
practice there are limits on the choices available. Fur- 
thermore, there also may be long-term stability con- 
cerns with the various materials. 



Summary of the Invention 

[0004] It is an object of this invention to provide a mul- 
tilayer thin film structure that overcomes some of the 

5 disadvantages of the aforementioned prior art 

[0005] The present invention provides a multilayer film 
having alternating layers of two transparent dielectric 
films with dissimilar indices of refraction. In a preferred 
embodiment, the invention utilizes anti-reflection from 

10 the filter structure to the substrate and output interlaces 
(if necessary) and, also comprises cavities that contain 
three-quarter wave layers to adjust the coincidence of 
polarization modes. Providing as the central half wave 
in a cavity the combination of : one half wave of opposite 

15 index material; one (or more) half wave(s) of same index 
material; and one half wave of opposite index material, 
provides a filter wherein the "s" polarization peak is fully 
within the band of the "p" polarization peak. Moreover, 
centering of the peaks occurs with further adjustments 

20 to the minor stacks. The number of and positions of 
three-quarter waves necessary to achieve coincidence 
varies with the indices of refraction selected to manufac- 
ture the filter. 

[0006] In accordance with the invention, there is pro- 
25 vided, a multi-layer bandpass filter comprising: a reso- 
nant cavity, including, a first quarter-wave stack; a half- 
wave array of: one half-wave low index material, one 
half-wave or multiple thereof of high index material, and 
one half-wave low index material; and, a second quar- 
30 ter-wave stack, wherein the first and second quarter 
wave stacks each have an even number of layers, and 
wherein the first stack is the minor of the second stack, 
wherein the layers are opposite in order. Furthermore, a 
plurality of these resonant cavities may be provided 
35 spaced by a quarter wave low refractive index layer of 
material. 

[0007] In accordance with the invention, there is fur- 
ther provided, a bandpass filter comprising: a plurality of 
resonant cavities wherein the cavities each include, a 

40 first stack of high and low index quarter-wave layers; a 
half-wave array of: one half-wave low index material, 
one half -wave or multiple thereof of high index material, 
and one half-wave low index material; and, a second 
stack of low and high index quarter-wave layers, 

45 wherein the first and second quarter wave stacks each 
have an even number of layers, and wherein the first 
stack is the mirror of the second stack, wherein the cav- 
ities are separated by a quarter wave of low index mate- 
rial. 

so [0008] In accordance with the invention, there is fur- 
ther provided, a bandpass filter comprising: a plurality of 
resonant cavities wherein the cavities each include, a 
first stack of high and low index quarter-wave layers; a 
half-wave array of: one half-wave high index material. 

55 one half-wave or multiple thereof of low index material, 
and one half-wave high index material; and, a second 
stack of low and high index quarter-wave layers, 
wherein the first and second quarter wave stacks each 
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have an odd number of layers, and wherein the first 
stack is the mirror of the second stack, and. wherein the 
cavities are separated by a quarter wave of low index 
material. 

[0009] In accordance with the invention a multi-layer 5 
bandpass filter is provided wherein some of the multi- 
layers are a high refractive index material and some of 
the layers are an opposite, low refractive index material. 
The filter comprises, a resonant cavity having a half- 
wave or multiple half-wave spacer layer of a first prede- w 
termined refractive index sandwiched between and con- 
tacting half-wave layers of a different opposite index, 
said half-wave layers of the different opposite index 
being sandwiched between layers defining two quarter- 
wave stacks of alternating high and low index material, is 
the quarter-wave layers adjacent and contacting the 
half-wave layers of the different and opposite index 
being of substantially the same different and opposite 
index, the two quarter-wave stacks each having a same 
number of alternating layers and being opposite in 20 
order. 

[0010] In accordance with the invention a multi-layer 
bandpass filter is provided comprising the following 
layer structure: 

(XY) n (YY)(XX) m (YY)(YX) n where n and m are integers 25 
and wherein X is one of a high refractive index layer and 
a low refractive index layer; and, wherein Y is the other 
of the high and low refractive index layer, X and Y being 
opposite indexes of refraction. 

[001 1 ] Yet, in accordance with another aspect of the 30 
invention, in a bandpass filter having a half wave spacer 
layer of low index material in-between two reflective 
stacks of alternating high and low index material, 
wherein the two stacks are oppositely ordered, a 
method of providing a filter that is less sensitive to the 35 
polarization of incident light comprises the step of: pro- 
viding one or more half waves of high index material 
adjacent to and between the spacer layer and the two 
reflective stacks. Alternatively, in a bandpass filter hav- 
ing a half wave spacer layer of high index material in- 40 
between two reflective stacks of alternating low and 
high index material wherein the two stack are oppositely 
ordered, a method is providing a filter that is less sensi- 
tive to the polarization of incident light comprises the 
step of: providing one or more half waves of high index 45 
material adjacent to and between the spacer layer and 
the two reflective stacks. 

[001 2] In accordance with the invention, there is fur- 
ther provided a bandpass filter as defined heretofore, 
wherein one or more half wave layers are added to one so 
or more predetermined layers of one or more of the 
stacks to fine tune relative positions of diverse polariza- 
tion peaks in a response of the bandpass filter It should 
be noted that adding one or more half wave layers to 
one or more predetermined quarter wav layers of a 55 
stack can be realized by physically adding one or more 
half wave layers to an existing layer, or more practically, 
by depositing a layer having a thickness of at least a 



three quarter wave layer or greater. 
Brief Description of the Drawings 

[001 3] Exemplary embodiments of the invention will 
now be described in conjunction with the drawings, in 
which: 

Figure 1 is a cross sectional view of a conventional 
prior art multi-cavity dielectric filter; 
Figure 2 is a cross sectional view of a prior art solid 
etalon filter; 

Figure 3 is a cross sectional view of a prior art 
Quarter-wave stack;. 

Figure 4 is a cross sectional view of a multi-cavity 
bandpass filter ensemble in accordance with the 
invention; 

Figure 5 is a graph representing the transmittance 
of a conventional two cavity filter, each cavity with 
twenty-five layers separated by a low index quarter- 
wave layer; the half-wave is of high index; 
Figure 6 is a chart representing a the transmittance 
of a two cavity filter, each cavity with twenty-three 
layers with the structure: ((HL)5 HHH LL HHH 
(LH)5) L ((HL)5 HHH LL HHH (LH)5); 
Figure 7 is a graph representing a the transmittance 
of a two cavity filter, each cavity with twenty-three 
layers with the structure: ((HL)5 HHH LL HHH LHLL 
(LH)4) L ((HL)5 HHH LL HHH LHLL (LH)4); 
Figure 8 is a graph representing the transmittanc 
of a conventional two cavity filter, each cavity with 
twenty-three layers separated by a low index quar- 
ter-wave layer; the half-wave is of low index; 
Figure 9 is a graph representing a the transmittance 
of a two cavity filter in accordance with the inven- 
tion, each cavity with twenty-one layers with the 
structure: ((HL)5 LL HH LL (LH)5) L ((HL)5 LL HH 
LL (LH)5); 

Figure 10 is a graph representing the transmittanc 
of a conventional two cavity f ilter in accordance with 
the prior art, each cavity with fifteen layers sepa- 
rated by a low index quarter-wave layer and ending 
with a low index quarter-wave layer; the half-wave 
is of low index; the high index is 4.0 and the low 
index is 1 .75 ; the structure is: ({HL)4 (LH)4 L)2; 
Figure 1 1 is a graph representing the transmittance 
of a two cavity filter in accordance with this inven- 
tion, each cavity with fifteen layers with the struc- 
ture: ((H 3L H 3L H 5L 5H LL 5H 3LH3LH 3L H) L 
)2, with the same refractive index as in Figure 10; 
Figure 12 is a comparison of output response for 
the filters in accordance with the invention of Figure 
9 and the prior art filter response of Figure 5; 
Figure 13 is a chart representing the transmittance 
of a three cavity filter of 0.9nm bandwidth made in 
accordance with the teachings of this invention; 
Figure 14 is a graph representing the transmittanc 
of a three cavity prior art filter of 0.9nm bandwidth 
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made wrtha-conventional approach; The structure 
is: (( HL)8 (LH)8 L)3 with the last 2 layers modified 
to 1.3 Quarter-waves each; The chart is for a large 
angle (20.6 degrees) in air. 

General Information About Filter Construction 

[0014] Filters for wavelength division multiplexers and 
other communication industry applications require very 
straight slopes with low loss and virtually no ripple. Typ- 
ical bandwidths range from 0.5nm to 100nm for the 
wavelength range 1250 to 1650nm. There are many 
other applications for filters that would benefit from this 
improvement in technology. 

[001 5] The simplest resonant cavity filter consists of 
two partial reflectors separated by a half wave multiple 
layer of transparent dielectric material (similar to an 
Etalon), shown in Figure 2. 

[0016] For all-dielectric filters, the reflectors include 
alternating layers of high and low index materials exem- 
plified in Figure 3. The thickness of each layer is 
adjusted to be a Quarter-wave at the wavelength of the 
desired filter. Each reflector (which may be only one 
layer) is called a Quarter-wave stack. The bandwidth of 
the filter is a function of the Reflectance of Quarter- 
wave stacks in the structure. 
[001 7] A filter cavity is the basic building block for all- 
dielectric interference filters. This consists of two identi- 
cal reflectors made from Quarter-wave stacks sepa- 
rated by a Half wave (or multiple half-wave) layer. 
Cavities are deposited on top of other cavities, with a 
quarter-wave layer of low index material between, to 
sharpen the slopes. This produces a multi-cavity filter 

(Figure 1). ... 
[001 8] When the filter is illuminated at an angle it will 
produce different spectral properties for each mode of 
polarization. If the angle is large compared to the band- 
width of the filter, completely different wavelengths are 
selected by the filter. In any case the average polariza- 
tion response curve is distorted and the resulting filter is 
undesirable. 

Detailed Description 



[0019] As shown in figure 4 , the filter ensemble in 
accordance with the invention comprises a transparent 
substrate 40, a f ilter cavity 42 consisting of N layers, a 
low index layer 44, a second cavity 46 having N or (N+4) 
layers; and possibly more cavities, each cavity followed 
by low index layers, another filter cavity consisting of N 
layers, and another matching layer (if necessary). For 
most cases, the matching layer is a low index quarter 
wave. The material and index of refraction of the match- 
ing layer(s) may be different from that of the low index 
mat rial. The cavities are comprised of quarter wave 
thick layers of alternating high and low index materials. 
In this invention half waves are added to certain of these 
layers, thereby increasing their thickness to displace the 



center wavelengths of the polarizations in order to 
improve the coincidence of the peaks. The first material 
in a cavity is high index and is followed by a low index 
material. With respect to the teachings of the prior art, 

5 for the simplest case the low index material is a multiple 
of half waves and is followed by a high index material i. 
e. HLLH; each layer indicating a quarter wave thick high 
or low index material. Next, and between each cavity 
that follows, low index layers are placed. The next cavity 

10 could consist of the prior art layer structure : HLH LL 
HLH for the simplest case. This may be repeated many 
times to produce a filter that has sharp slopes. The first 
cavity is then repeated. Finally another matching layer 
to the next medium is added as necessary. 

is [0020] In accordance with this invention, the structure 
is modified to : 3H LL 3H for the first and last cavities 
and the inner cavities have the form : HL3H LL 3HLH. 
More than four cavities will produce filters that have 
average polarization bandshapes with a large ripple at 

20 the half-power point for large angles of incidence. This 
may be objectionable. The invention becomes most 
useful when the number of layers in the reflectors is 
increased and the bandwidth of the filter is small. At this 
point, centering of the peaks becomes very important 

25 and layers next to the central area will need half-waves 
added to them, i. e. HLHLH 3L3H LL 3H3L HLHLH is an 
example of a cavity. 

[0021] The substrate is transparent over the wave- 
length of interest and, may be made from a wide variety 
so of materials including ( but not limited to) glass, quartz , 
clear plastic, silicon , and germanium. The dielectric 
materials for this application have indices of refraction in 
the range 1.3 to beyond 4.0. The preferred materials are 
Magnesium Fluoride (1.38). Thorium Fluoride (1.47). 
35 Cryolith (1 .35). Silicon Dioxide (1 .46). Aluminum Oxide 
(1.63), Hafnium Oxide (1.85), Tantalum Pentoxid 
(2 05), Niobium Oxide (2.19), Zinc Sulphide (2.27), Tita- 
nium Oxide (2.37), Silicon (3.5), Germanium (4.0), and 
Lead Telluride (5.0). Other dielectric materials would 
40 serve as well. 

[0022] Design of the filter is easily accomplished today 
with the aid of commercially available computer pro- 
grams with optimization routines (i.e. TFCalc™ by Soft- 
ware Spectra Inc.). Design recipes are entered into the 
45 program and the spectral response is calculated. When 
the design with the proper size cavities is selected to 
match the required nominal bandwidth, optimization of 
the filter transmission is performed for the matching lay- 
ers. The designer selects from a choice of materials to 
so use in a quarter wave match or may choose to use the 
same low index material with thickness adjustments to 
accomplish the matching. 



55 



PREDICTIVE EXAMPLES 

[0023] In order to demonstrate the improvement over 
prior art, an analysis of similar filters designed to pro- 
vide a same degree of filtering will be performed. For 
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Figures 5 through 9 the center wavelength at normal 
incidence is 1340 nm and the index of the H layers is 
2.25 and the index of the L layers is 1.47. Within this 
specification the term "opposite index" is on occasion 
used, to distinguish between a high and low index mate- 5 
rial, thus a low index material may be referred to as hav- 
ing an opposite refractive index to a high index material. 
In Figures 5 through 9 the filters are all two cavity filters 
separated by a low index quarter wave layer. Figure 5 is 
a graph representing the transmittance of a conven- 10 
tional two cavity filter, each cavity with twenty-five layers 
The half wave is of high index. The structure is: ((HL)6 
HH (LH)6 L )2 with the last L removed. The curves from 
left to right are M p" polarized, average polarization, and 
"s" polarized. In Figure 6, four less layers are used in , 5 
this two cavity filter. The structure is : ((HL)5 HHH LL 
HHH (LH)5) L((HL)5 HHH LL HHH (LH)5). Centering of 
the passbands is now within 0.18 nm for the conditions 
of the design. A further refinement of the design follows. 
Figure 7 is a graph representing a the transmittance of 20 
a two cavity filter, each cavity with twenty-three layers 
with the structure: ((HL)5 HHH LL HHH LHLL (LH)4) L 
((HL)5 HHH LL HHH LHLL (LH)4) . Centering is now 
within 0.1 nm. 

[0024] For a filter with a low index half-wave, the 25 
design of Figure 8 was selected. The graph represents 
the transmittance of a conventional two cavity filter, 
each cavity with twenty-three layers separated by a low 
index quarter-wave layer. The half wave is of low index. 
As above, the curves from left to right are "p". average, 30 
and "s" polarizations. An important observation is that in 
this instance the "s" polarization curve is on the left side 
of center: the opposite of Figure 5. To achieve centering 
the design was altered as shown in Figure 9 which is a 
two cavity filter, each cavity with twenty-one layers hav- 35 
ing the structure: ((HL)5 LL HH LL (LH)5) L ((HL)5 LL 
HH LL (LH)5). Centering is within 0.1 nm again. 
[0025] The wavelength change from normal incidence 
follows different equations for the different index half- 
waves. Filters with low index half-waves shift further ao 
than those made with high index half waves for conven- 
tional designs. The "s" polarized light is typically shifted 
the most for low index spacer filters and the least for 
high index spacer filters. This invention shifts ths "s" 
polarization performance towards that of the "p" polari- 45 
zation for both varieties. 

[0026] Comparison of the "p" polarization wavelength 
shifts is interesting. The behavior of the designs fea- 
tured in Figures 6 and 7 mimic that of the high index 
spacer type of Figure 5. The wavelength change for the so 
design of Figure 9 corresponds dosely to that for the 
low index spacer type of Figure 8. If the splitting reduc- 
tion was produced with the method taught by G. P. 
Konukhov and E. A. Nesmelov, the peak wavelengths 
would approach the median value no matter which ss 
index type was selected. This demonstrates that the 
mechanism of this invention is quite different from G. P. 
Konukhov and E. A. Nesmelov's. 



[0027] This shifting factor may be utilized to advan- 
tage by allowing a small cone angle with less shape dis- _ 
tortion, or conversely sweeping a large wavelength 
change with a small angle with true peak selection. Fig- 
ure 13, in accordance with this invention, is shows the 
response of a three cavity filter (84 layers) designed for 
tilt tuning for a 35 nm wavelength range. The curves are 
symmetrical and the half-bandwidth is identical with that 
at normal incidence. The structure is: (( HL)6 HHH LL 
HHH L H LL (LH)5 L)3 with the last 2 layers modified to 
1.3 Quarter-waves each; The chart is for a large angle 
(22 degrees) in air; Figure 14 is graph of a response 
showing a comparison of a conventional f ilter (90layers) 
to cover the same range. The "s" polarized light is to the 
left of the average and w p" polarized light for this band- 
width. 

[0028] Referring to Figure 12, a comparison is illus- 
trated between Figure 9 type in accordance with the 
invention (left) vs. Figure 5 type in accordance with the 
prior art (right): This graph is for average polarization at 
45 degrees in air with low index materials. The index for 
H is 1 .88 and the index of L is 1 .38. The last two layer 
thickness 1 were adjusted to anti-reflect by increasing to 
1 .3 Quarter-waves each; 

[0029] The range of indices that this invention is useful 
for is only limited by the ratio of high index to low index 
materials used for filter construction. For very large 
angles, Figure 12 demonstrates that improvement in 
performance is possible even with a small index ratio. 
Materials with indices similar to those in Figure 12 (1 .88 
and 1.38) are used in the Ultra-violet area of the spec- 
trum. If the ratio becomes much smaller than 1.3, then 
the angular characteristics may not warrant the extra 
layers of this invention. 

[0030] At the other end of the spectrum, the Infrared. 
Germanium is a preferred high index material having an 
index of refraction of 4.0. Wavelength splitting remains a 
significant problem for narrow band filters. Figure 10 
shows the degree of splitting for a 32 layer 2 cavity filter 
with the high index equal to 4.0 and the low index equal 
to 1.75 . the structure is: «HL)4 (LH)4 L)2. To induce 
centering requires a large modification of the stacks. 
The preferred design from a fabrication point of view is: 
((H 3L H 3L H 5L) 5H LL 5H (5L H 3L H 3L H) L)2 . This 
would produce low stress compared to thicker layers 
which would yield a similar result 
[0031 ] Of course, numerous other embodiments may 
be envisaged, without departing from the spirit and 
scope of the invention. 
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or more half wave layers are added to one or more 
predetermined layers of one or more of the stacks 
to fine tune relative positions of diverse polarization 
peaks in a response of the bandpass f ilter. 



8. A bandpass filter comprising: 



Claims 



1 . A multi-layer bandpass filter comprising: 



15 



a resonant cavity, including, a first quarter- 
wave stack; a harf-wave array of: one half-wave 
low index material, one half-wave or multiple 
thereof of high index material, and one half- 20 
wave low index material; and, 
a second quarter-wave stack, wherein the first 
and second quarter wave stacks each have an 
even number of layers, and wherein the layers 
are substantially opposite in order. 25 

A multi-layer bandpass filter as defined in claim 1. 
wherein the first stack is the mirror of the second 
stack. 



3 A bandpass filter as defined in claim 1 . comprising 
a plurality of resonant cavities, each cavity being 
spaced by a quarter-wave of low index material. 

4. A bandpass f ilter comprising: 



30 
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a plurality of resonant cavities wherein the cav- 
ities each include, a first stack of high and low 
index quarter-wave layers; a half-wave array of : 
one half-wave low index material, one half- 40 
wave or multiple thereof of high index material, 
and one half-wave low index material; and, 
a second stack of low and high index quarter- 
wave layers, wherein the first and second quar- 
ter wave stacks each have an even number of 45 
layers, and wherein the cavities are separated 
by a quarter wave of low index material. 

5. A bandpass filter as defined in claim 4, wherein the 
first stack is the mirror of the second stack. so 

6 A bandpass filter as defined in claim 1 wherein one 
or more half wave layers are added to one or more 
predetermined layers of one or more of the stacks 
to fine tune relative positions of diverse polarization ss 
peaks in a response of the bandpass filter. 

7. A bandpass filter as defined in claim 4 wherein one 



a plurality of resonant cavities wherein the cav- 
ities each include, a first stack of high and low 
index quarter-wave layers; a half -wave array of: 
one half-wave high index material, one half- 
wave or multiple thereof of low index material, 
and one half-wave high index material; and, 
a second stack of low and high index quarter- 
wave layers, wherein the first and second quar- 
ter wave stacks each have an odd number of 
layers, and wherein the cavities are separated 
by a quarter wave of low index material. 

9. A bandpass filter as defined in claim 8. wherein the 
f irst stack is the mirror of the second stack. 

10 A multi-layer bandpass filter wherein some of the 
multi-layers are a high refractive index material and 
some of the layers are an opposite, low refractive 
index material, the filter comprising a resonant cav- 
ity having a half-wave or multiple half-wave spacer 
layer of a first predetermined refractive index sand- 
wiched between and contacting half-wave layers of 
a different opposite index, said half-wave layers of 
the different opposite index being sandwiched 
between layers defining two quarter-wave stacks of 
alternating high and low index material, the quarter- 
wave layers adjacent and contacting the half-wave 
layers of the different and opposite index being of 
substantially the same different and opposite index. 

11. A bandpass filter as defined in claim 10 wherein 
" one or more half wave layers are added to one or 

more predetermined layers of one or more of the 
stacks to fine tune relative positions of diverse 
polarization peaks in a response of the bandpass 
filter. 

12. A bandpass filter as defined in claim 10, wherein 
the two quarter-wave stacks each have a same 
number of alternating layers and being opposite in 
order. 



13. A multi-layer bandpass filter comprising the follow- 
ing layer structure: 

(XY) n (YY)(XX) m (YY)(YX) n where n and m are inte- 
gers and wherein X is one of a high refractive index 
layer and a low refractive index layer; and, wherein 
Y is the other of the high and low refractive index 
layer, X and Y being opposite indexes of refraction 
and substantially the same optical thicknesses. 
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14. A bandpass filter as defined in claim 13. wherein 
half wave layers are added to predetermined layers 
of one or more quarter-wave stacks (XYf and 
(YX) n to fine tune relative positions of diverse polar- 
ization peaks in a response of the bandpass filter. 5 

1 5. In a bandpass filter having a half wave spacer layer 
of low index material in-between two reflective 
stacks of alternating high and low index material 
wherein the two stack are oppositely ordered, a 10 
method of providing a f itter that is less sensitive to 
the polarization of incident light, said method com- 
prising the step of: 

providing one or more half waves of high index 15 
material adjacent to and between the spacer 
layer and the two reflective stacks. . 

1 6. In a bandpass filter having a half wave spacer layer 

of high index material in-between two reflective 20 
stacks of alternating low and high index material 
wherein the two stack are oppositely ordered, a 
method of providing a filter that is less sensitive to 
the polarization of incident light, said method com- 
prising the step of : 25 

providing one or more half waves of high index 
material adjacent to and between the spacer 
layer and the two reflective stacks. 

30 

17. A bandpass filter as defined in claim 8 wherein one 
or more half wave layers are added to one or more 
predetermined layers of one or more of the stacks, 
thereby increasing the thickness of the one or more 
layers to fine tune relative positions of diverse 35 
polarization peaks in a response of the bandpass 
filter. 
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FIG 1. FILTER ENSEMBLE PRIOR ART 
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Figure 3. QUARTER WAVE STACK PRIOR ART 
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Figure 4. MULTI-CAVITY FILTER 
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Illuminant: WHITE 

Medium: GLASS 

Substrate: GLASS 
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Detector: IDEAL 



Angle: 20.0 (deg) 
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Figure 5. CONVENTIONAL 2 CAVITY FILTER WITH HIGH INDEX HALF WAVES 



Illuminant: WHITE 
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Figure 6. 2 CAVITY FILTER WITH 3 QUARTER -HALF WAVE -3 QUARTER SPACER 
FORM, LOW INDEX HALF WAVE ,47 LAYERS 
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Illuminant: white 

Medium: GLASS 
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Figure 7 2 CAVITY FILTER WITH 3 QUARTER -HALF WAVE -3 QUARTER SPACER 
FORM. LOW INDEX HALF WAVE, ADDITIONAL 3 QUARTER WAVES FOR FINE 
CORRECTION, 47 LAYERS 
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Illuflinant: WHITE 
Medium: CLASS 
Substrate: GLASS 
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Figure 8. CONVENTIONAL 2 CAVITY FILTER WITH LOW INDEX HALF WAVES 
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Figure 9. 2 CAVITY FILTER WITH 3 QUARTER -HALF WAVE -3 QUARTER SPACER 
FORM, HIGH INDEX HALF WAVE 
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Figure 10. TWO CAVITY FILTER WITH HIGH INDEX MATERIALS, 
LOWER INDEX HALF-WAVES 



IlluwLnant: WHITE 

Medium: 8K7 

Substrate: BK7 

Exit: BK7 

Oetector: IDEAL 



100.0 




80.0 




60.0 




UO.fl 


— -"7" 
• 


20.0 
0.0 


• 
• 



Angle: 20.0 (deg) 

Reference: 1310.0 (no) 
polarization: ftue — S — P 




Transwlttanee (*) vs Wauelengtn (n») 

Figure 1 1. TWO CAVITY FILTER WITH HIGH INDEX MATERIALS 
AND ADJUSTED LAYER THICKNESS' 
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Illuminant: WHITE 
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Figure 12. COMPARISON OF DESIGNS FOR FIGURE 9 TYPE VS. FIGURE 5 TYPE. 
THIS GRAPH IS FOR 45 DEGREES WTTH LOW INDEX MATERIALS. 
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Figure 13. 3 CAVITY FILTER OF THIS INVENTION. 
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Figure 14. 3 CAVITY FILTER OF CONVENTIONAL TYPE 
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